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Scientific Progress

I Local magnetism in (CuZr)es-xAlzGdx Bulk Metallic Glasses

Studies of magnetism in metallic glasses have demonstrated overwhelming evidence in support of
magnetic inhomogeneities. Structural disorder is extremely influential in metallic glasses giving rise to
frustrated magnetic behaviors such as spin-glass, reentrant spin-glass magnetism, and complex cluster-
glass states. Anomalous magnetic behaviors in (CuZr)esxAl:Gdx (X = 1, 2) bulk metallic glasses (BMGs)
were observed by NMR.

Figure 1.1 shows an example Al NMR spectra for x = 2. 2’Al is a spin | =5/2 nucleus and, as
mentioned in Chapter 2, its spectrum consists of five ‘m) > ‘m +1> transitions including the narrow

‘—1/ 2> © ‘1/ 2> central transition, broadened only by the second-order quadrupole effect, and wide

satellite transitions ‘m) > ‘m +1> (m = —1/2) broadened by the first-order quadrupole interactions. Fig.

1.1 shows that the narrow central transition broadens significantly from 1040 ppm at 300 K to 3600 ppm
at 77 K. A two-curve Gaussian fit was used to determine the corresponding linewidths of the central and
satellite transitions as noted by the dashed curves in Fig 3.1. In addition, the Knight shift of the central
transition also changes with temperature. Due to the electronic structure of this metallic glass system,

there are two main contributions to the Knight shift K, = K.+ K, ;. K, is due to the Fermi contact

S
hyperfine interaction associated with the s electrons at the Fermi level (as defined in Chapter 2) and
K,_; is due to the transferred hyperfine interaction mediated by s-f exchange interactions between the

localized f-electron spins and the spins of s electrons. K__ is given by A 7, (T) where
A =zH,; / (N ,44) is the hyperfine coupling constant and is generally assumed to be temperature
independent. Here, H,, is the hyperfine field due to local moments, N, is Avogadro’s number, , ug is

the Bohr magneton, z is the number of Gd ions that are nearest neighbors to Al, and ;(hf,, (T) is the bulk
magnetic susceptibility due to localized Gd f moments.

In general, paramagnetic alloy systems are known to have homogenous magnetic character (i.e.
Curie temperature of ~OK, linear isothermal magnetization curves, absence of cusp in AC susceptibility
measurements, etc.). Such paramagnetic behavior would be reflected in NMR measurements as a linear
dependence of the full-width at half max (FWHM) or linear spectral linewidth on temperature. This
would mean that in the case of dipolar or RKKY magnetic interactions the linewidth would be directly

proportional to the local time-averaged value of the magnetic moment <SZ> as temperature is lowered

[58]. Surprisingly, NMR studies of paramagnetic alloy systems (CuZr)gs.xAl:Gdy for x =1 & 2
demonstrate a nonlinear linewidth dependence on temperature. Figures 1.2 (a) and (b) below non-linear
linewidth broadening commencing at high temperatures.



comparison.

Cu

5000 2500 0 -2500 -5000

‘ : :
10000 5000 0 -5000 -10000

Knight Shift (ppm)

Figure 1.1 NMR frequency shifted spectra for CusssZrsssAl;Gd2 at 300 K and 77 K for

Dashed lines show the two sources of broadening from first-order quadrupole

(satellites) broadening and *3Gd moments (central transition).

1800 3500
o . . .
- (a) Cu,Zr, ALGd | @ (b)) cCu, zr ALGd
EZX()()-

s 5 [®)

£ 1200 g 9

B Q = 2100 Q

< 900 2

& Q = . @

z 2 1400

2 6004 e .5 -

) Ran W - [
300+ T 0“0 700 Q.
50 100 150 200 250 300 50 100 150 200 250 300

Temperature (K) Temperature (K)

Figure 1.2 (a) & (b) Spectral linewidth for (CuZr)s:Al-Gd: and (CuZr)sAl;Gd,. Dashed lines provide a
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ye when nonlinear broadening occurs at ~ 150K. Purely paramagnetic alloy systems are

expected to display linear linewidth temperature dependence.

The nonlinear behavior shown in Fig. 1.2 can be evaluated within the context of magnetic

inhomogeneiti

es. The nature of magnetic inhomogeneities, such as Kondo disorder observed in non-Fermi

liquids due to a distribution of magnetic susceptibilities, has previously been evaluated using NMR shift

and linewidth

data. Assuming A, and y are not correlated, the Knight shift can be expressed as an

average over all distributions of hyperfine coupling constants and local magnetic susceptibilities



K = A x . Due to the amorphous nature of these BMGs under study, different local environments at

2T Al sites are anticipated to induce a spread in susceptibilities and result in nonlinear line-broadening.
This line broadening can be evaluated by calculating the experimental fractional NMR linewidth, which is
expressed as

12

k /‘Ks—f ‘ = {[(5)()”715 /ZT +[(5A1f )rms I Ay ]2} (1)

where k is the 2 Al NMR linewidth. Temperature independent k/|K__; | values are expected

from magnetically homogenous alloys due to spatially independent local susceptibilities and
purely paramagnetic systems.

The behavior of line broadening is shown in Figure 1.3 (a) below, which displays data for x =1
of the ratio k /‘stf ‘ versus bulk magnetic susceptibility y with temperature as an implicit parameter

ranging from 77-300 K. Here K. , was obtained by subtracting the Fermi-contact shift K, of 342 ppm

for x = 1 and 330 ppm for x = 2 as determined from the y-intercept of K, plotted against y .This value

agrees with the shift value observed in the x = 0 sample ((CuZr)gsAl7). In addition, the second-order
guadrupole broadening of the central transition was corrected for by subtracting the linewidth found for
an x = 0 sample.

114 b
o @ T=120K % 9 ( )x:2
=1 - 10
5| % % + +
— _ T=160K
Xm % J % 2{8 9 J %
= 4/ X
= é “} _____ © 8 %
d 0
: LT
2 0008 0.0008 0.0012 0.0006 0.0012 0.0018 0.0024 0.0030
Susceptibility (emu/mole) Susceptibility (emu/mole)

Figure 1.3 k /K, ; versus y forx =1 (a) and x = 2 (b) with temperature as an implicit parameter

after conduction-electron Knight shift and second order quadrupolar broadening corrections. The
dashed lines indicate pure paramagnetic behavior between Gd ions.

The pseudo contact interaction strength was also considered, which results in a dipolar coupling
interaction between the thermally averaged magnetic moment of unpaired electrons of a paramagnetic ion
and the nucleus. This results in a pseudo contact shift that can be calculated from the distances between
the electronic and nuclear spins, which ranged between 3.14 and 3.15 Angstroms. The pseudo contact
shifts were found to be negligible giving at most a shift of 4.8 and 9.5 ppm for x =1 and 2 at 77 K. Fig.

1.3 (a) shows that values of k / ‘Ks_f ‘ remain constant at high temperatures, as expected for purely



paramagnetic behavior. Near ~120 K the ratio k /‘Ks_f‘ commences proportionality to y as

temperature is lowered. This signifies the onset of a magnetic phase-like transition and supports the
existence of a magnetic susceptibility distribution in this temperature regime. In addition, a distribution

of A isreflected in the large constant offset of ~ 3.5 and is naturally anticipated in amorphous systems.
Figure 1.3 (b) displays k /‘KS_f ‘ versus y for x = 2and demonstrates a similar NMR linewidth
enhancement occurring at a higher temperature of ~ 160 K with a corresponding non-zero distribution of
A, denoted by an offset of ~ 7.75. Anomalies span a wider temperature range for x = 2, which may be
due to the twofold increase in the number of magnetic moments. Proportionality between k /‘Ks_f ‘ and

 confirms that the linewidth dependence on temperature is significantly stronger than paramagnetic
effects caused by RKKY coupling between individual Gd spins and host Al nuclei.

In general, the distribution of susceptibilities and A for this alloy system is not entirely

unexpected since the spatially disordered nature of these BMGs is anticipated to give rise to a distribution
in the magnetic environments due to fluctuations of local interatomic distances and atomic coordination

[17]. Interestingly, k /‘stf ‘ is observed to saturate near 77K for both compositions and suggests that a
magnetic susceptibility distribution develops only over a narrow temperature range between 160-77 and

120-77 degrees for x = 1 and 2, respectively.

The temperature dependence of the hyperfine field A is also explored in of Fig. 1.4 (a) and (b)
below where K, ; is plotted against y and shows that A, is negative as evidenced in the slope. A
linear fit was applied yielding a transferred hyperfine field of zH,, =—1.2 kOe for x = 1 and

zH,; =-0.6 kOe for x = 2. A distribution in A, and y mentioned previously would suggest that these

couplings might have various strengths in temperature and space. The linear behavior demonstrated in
both x = 1 and x = 2 shows that A is temperature independent and is not the source of non-linear NMR
linewidth broadening in the temperature range of 77-300 K.
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Figure 1.4 for x = 1 (a) and x = 2 (b) displays K, ; versus y with temperature as an implicit parameter.
The behavior of A, is inferred from the slope.



In general, NMR and magnetization measurements both confirm the development and the
importance of AF short-range order for (CuZr)es.xAl-Gdyx glasses x = 1 and 2, beginning at high
temperatures near 150K. This is supported by temperature-independent hyperfine couplings A, forx=1

and x = 2 that show the source of broadening is due to the local magnetic susceptibility distribution at
high temperatures. Non-linear linewidth broadening clearly proves that this distribution is prominent at
high temperatures, evolves over a narrow temperature range (40-80 degrees). Furthermore, non-Brillouin
isothermal magnetization behavior at low temperatures seems to suggest that the AF cluster development
in both x = 1 and 2 is magnetically frustrated. The intra-cluster interaction strength for x =1 and 2, as

determined by the exchange integral |J_ ‘ , sShows that this frustration is quite strong as it is considerably

higher than other Gd-bearing amorphous systems showing long-range spin-glass behavior.

Il.  Anelastic deformation of La-based metallic glass

One of the great challenges in the study of bulk metallic glasses (BMGS) is a basic understanding
of the deformation mechanism where in amorphous systems dislocation is absent. Plastic flow in metallic
glasses can proceed by two mechanisms: inhomogenous and homogenous deformation. Inhomogenous
deformation takes place at low temperatures and high stresses resulting in highly localized shear banding
(at 45° with respect to the tensile axis), since only a small fraction of the volume sample participates in
flow. At low stress and higher temperatures (near Tg) the entire volume sample can undergo homogenous
deformation [20]. These two mechanisms showing macroscopic deformation are illustrated in Figure 4.1.
The strain response during homogenous deformation exhibits both elastic and inelastic (anelastic and
viscoplastic) strain components where the elastic strain recovers instantaneously, the anelastic strain
undergoes time-dependent recovery, and the viscoplastic strain is permanent. This can be compared to
crystalline systems, where plastic flow occurs by propagation of dislocations or line defects that have a
definite slip plane. This Chapter will focus on using NMR to understand homogenous deformation of
anelastic deformation.

inhomogenous
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Figure 2.1 Schematic illustrating the two deformation mechanisms observed in metallic glasses. Shear
transformation zones (STZs) correspond to the regions of local atomic rearrangements that take place
during a shear.

Phenomenological models of inelastic deformation describe the fundamental flow mechanism in
metallic glass as a process involving a local atomic rearrangement of atoms that accommaodates strain
though single atomic diffusion or as a cooperative shear process of atomic clusters referred to as shear-
transformation zones (STZs). This is also illustrated in Fig. 2.1. These deformation mechanisms are
believed to be facilitated by a distribution of free volume that is a widely used scalar parameter for
guantifying structural relaxation and creep kinetics in metallic glass. Free volume is defined as the
volume that is in excess of the material’s corresponding crystalline state or ideally ordered structural state.
The red highlighted areas in Fig. 2.1 represent STZs that are in close proximity to regions of large free
volume and therefore, can easily undergo shear. Due to the amorphous nature of metallic glass, there is
believed to be a continuous distribution of different local structure and free volume. In essence, this is
what makes up the defects in metallic glass.

Figure 2.2 At the atomic-level, local regions of metallic glass have symmetric free energies ¢ . Applying
a stress lowers the free energy by ¢ in the direction of shear and causes atomic rearrangements.

Deriving an understanding of how the local structure/free volume evolves under shear stress might
provide tremendous insight into the deformation mechanism in metallic glass. Currently, anelastic and
viscoplastic deformations of metallic glasses are mostly interpreted in terms of STZs. As shown in Figure
2.2, the distribution of structure and free volume in glass gives rise to local free energies ¢ that are

approximately symmetrical. The application of shear stress induces an asymmetry of the local free energy
by an amount ¢ and causes mechanical polarization of STZs. This effectively increases the probability
for atoms to reshuffle along the direction of shear. Backward atomic shuffling is possible, but has a much
lower probability.

During an applied stress local regions that are sheared are not isolated. STZs are embedded in an
elastic surrounding that exerts a back stress on the transformed volume. The backstress developed during
anelastic deformation is anticipated to aide in the macroscopic recovery of the shape when the applied
stress is released. This gives rise to delayed-elastic or anelastic recovery. Previous studies have shown



that the anelastic recovery of glass exhibits a continuous spectrum of activation energies and relaxation
times reflecting the resulting distortion of free volume and local structural distribution due to STZs. If two
or more neighboring transformed STZs emerge and interact with each other, dissipative release of the
back stress could occur resulting in viscoplasticity. This chapter will cover the anelastic response of La-
based metallic glass due to constant compression experiments at room temperature.

For constant compression experiments, LasoNiisAlss BMG rods 3mm in diameter and ~6 mm length
were prepared by arc-melting the elemental components under a Ti-gettered argon atmosphere. A
cylinder, 3 mm in diameter and 50 mm long, was cast in a water-cooled copper mold. The samples to
undergo constant compression experiments were cut from the middle of the cylinder by a diamond saw,
and the ends of the samples were carefully polished flat and normal to the longitudinal axis for uniform
loading in compression. It was recently found that homogenous deformation of metallic glass rods at
room temperature could be obtained at high stress by applying a stress just below the yield strength. As a

result, the samples were compressed at a strain rate of 1x10*s™" (Instron electromechanical testing
system 3384) to a stress equal to .90 of the metallic-glass yield strength (o =900 Mpa), and held at this

stress for 10, 24, and 48 hours. The effect of different stress was also explored by studying rods that were
compressed for 24 hours at a stress equal to .80 (o =800 Mpa) and .90 (o =900 Mpa) of the metallic-

glass yield strength. The amorphous nature of these BMGs was confirmed using DSC and x-ray
diffraction. An as-cast rod (no mechanical treatment) and annealed rod at T4 — 20 (240 °C) degrees for 48
hours were used as reference samples. Figure 2.3 shows an example of a strain curve for constant
compression at room temperature for 24 hours. The strain response is characterized by three components:
elastic (~ 1.90%), anelastic (~.10%), and a sum of viscoplastic and anelastic (~.04%) components. It is
important to note that anelastic strain continues even at the onset of viscoplastic strain.
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Figure 2.3 (a) Room temperature creep experiments for 24 hours. The elastic (~1.90%),
anelastic (~.10%) (delayed elastic), and anelastic and viscoplastic strain (~.04%) responses
are noted.

Figure 2.4 shows ?’Al NMR nutation profiles of the central transition intensity versus the width of
the first pulse t; ranging from 0 to 6.5 ps for as-cast, annealed, and compressed LasoNiisAlss BMG



samples. Al is a spin | =5/2 nucleus and permits coupling between the electric quadrupole moment
and the EFG due to quadrupole interaction. For weak perturbation of the Zeeman interaction the intensity

represents evolution of the density operator p(tl, ,t,7, ) due to first-order quadrupole interactions. The
2
fitting parameter W = % provides direct determination of the EFG reflecting any local
-Dh
compression-induced structural changes. The EFG experienced at 2’Al sites is most sensitive to the
position the aluminum atom’s nearest neighbors and is negligible in instances of high symmetry, e.g.,
cubic, icosahedral order, etc.

Fits of the nutation curves are shown as solid lines in Fig. 2.4 for an asymmetry parameter 7 of .9
and the extracted values of @, are listed in Table 2.1 with the corresponding strain changes. Complete
anelastic recovery of strain is observed for a compression time of 10 hours and, results in a decrease of
@, from 820 to 615 kHz compared to the as-cast samples. A decrease in @, corresponds to a reduction
of the largest principle component of EFG tensor, V,, . This provides direct experimental evidence that
anelasticty is responsible for the structural changes induced locally at Al sites. Fit values of «, also

decrease to 653 kHz for 24 hours and 528 kHz for 48 hours of strain time. This demonstrates that
anelastic-induced structural changes are proportional to compression time thereby enhancing the local
symmetry at 2’Al sites. Annealing for 48 hours below T, gives a
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Figure 2.4: Nutation experiments where the central transition intensity is plotted versus the
second pulse duration in a Hahn-echo sequence. The pulse duration t; increases from 0 to 6.5

15 by steps of 0.5 s. Solid lines are fittings of ®, and summarized in Table 4.2 in addition
length change percentages.



@, of 765 kHz and shows that local site symmetry is slightly enhanced although to a much lesser degree
than by compression.

Figure 2.5 shows nutation experiments for compressed samples demonstrating complete
structural relaxation after a 1 month period. These results are summarized with the nutation data

of the as-cast and annealed samples and a nutation curve fit parameter of @,=810 kHz for
comparison. This clearly supports that for large applied stresses the residual backstress developed
during anelastic deformation promotes not only the fast macroscopic recovery of the shape, which

is comparable to the timescale of the experiment, but also causes relaxation of the slower anelastic-
induced local structural changes that exceeds the duration of the experiment.

Table 2.1. Fitting values of quadrupole frequency / 27, length changes, and Knight shift values
(ppm).

LasoNizsAlss (Fig 4.6) asz |/4 f)” (Véhae;‘g;h K”i(%gt ms)hiﬁ

As-cast 820 - 657

10 hrs. 615 0.0% 657

24 hrs. 653 -0.03% 657

48 hrs. 528 -0.04% 657
Anneal — 48 hrs. 765 -.09% 647
As-cast (Fig. 4.7) 700 - 657
800 Mpa 615 -0.03% 657

900 Mpa 562 -0.03% 657
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Figure 2.5: Nutation experimental data for as-cast, compressed, and annealed samples (data
points), which show no changes in structural symmetry due to anelastic relaxation for ~ 1
month. The fit of the nutation curve gives @,=810 kHz.

Changes of electronic structure exhibited through annealing and anelastic-induced site symmetry
probed by NMR can be reconciled within the theory of atomic-level stresses and site symmetry coefficients.
According to this theory, the stress state of an amorphous structure can be considered when a small strain

I is applied yielding a change in the total internal potential energy by AE, = 1Z:ai”‘ﬁg“ﬂ .&”and ¢

afp
are second-rank tensors that define components of applied strain and atomic-level stress, respectively. Two

relevant quantities that are derived from the change of energy AE; are the hydrostatic pressure p and local

average shear stress 7 . Additional local parameters such as site symmetry coefficients can be obtained by
expressing the change of potential energy as an expansion of spherical harmonics by

| n

: r
AE =Zgé'm(|)Y|m(9i,(oi)’.l—'l . The site symmetry coefficients are given by o, =&2° (I=0) and
- n!

2
p= (Z Es |2j&ol (1=2), where «, is a measure of the average harmonic potential energy

m=-2

curvature directly correlated to the atomic volume or hydrostatic pressure p, and £ is related to the
deviation of spherical symmetry that is associated with the local shear stress, 7 .

The change of potential energy AE, due to atomic-level stresses directly parallels the change of

quadrupole coupling energy given by AE, :%ZVi“ﬂQ“ﬂ where Q% defines the quadrupole moment
afp
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tensor and V.’ is the second-rank EFG tensor that is probed by the best fit parameter @, of NMR nutation
experiments. Since Q% is an intrinsic property of the NMR probe nucleus Vi“ﬁ provides a strong

correspondence to O'i“ﬂ . Given the physical importance of p and 7 , analogies can also be made between

site symmetry coefficients and properties measured by NMR. Anelastic-induced structural changes in Fig.
2.4 probed by @, is equivalent to the | =2 coefficient and the distribution of local shear stress 7 .

Similarly, the symmetry coefficient | = Qdirectly coincides with the changes of local electric structure due
to annealing that gives rise to a smaller Knight shift (647 ppm). Numerical studies indicate that fluctuations
of local shear stress 7 are independent of changes of hydrostatic pressure, p. This agrees with the negligible
changes of NMR knight shift and free volume due to anelastic compression. Within the theoretical
framework of atomic level stresses, NMR nutation and spectroscopy results provide evidence to suggest
that the mechanism of anelastic deformation is one that causes local shear rearrangements of atoms that not
only enhances local site symmetry, but to also lowers the change in internal potential energy by minimizing
the local distribution of atomic-level stress. This suggests that local shearing of atoms is accommodated by
approaching a more ideal structural state.

In conclusion, 2’Al NMR and MDSC studies of LasoNiisAlss were utilized to provide a snapshot of
anelastic-induced structural changes that were compared with as-cast and annealed reference states. The
data reveals that anelastic strain causes an increase in local symmetry near Al atoms that is proportional to
compression time whereas the corresponding changes of free volume were negligible due to the small
viscoplastic strain. It was also shown that these anelastic-induced changes occur everywhere throughout
the glass and have a relaxation timescale that is long compared the duration of the constant compression
experiments. Furthermore, it was observed that local changes of electronic structure are closely linked to
fluctuations of the local density obtained through annealing. The results here show that anelastic
deformation mechanism can be described within the theory of atomic level stresses.

I11. Correlation of electronic properties and mechanical properties

In this study, Zr-based BMGs (Zr550028AI16, eroNizlAllg, ZT4SCU45A|7, ZI'eoCUngllz, and
Zrei TioCuzsAlgn), and ZrHf-based BMGs ((ZrixHfy)s25TisCui79NiasAlig from x = 0.0 to 1.0) were
investigated due to their good GFA and favorable mechanical properties such as toughness and hardness.
ZIAl NMR experiments were performed at room temperature in a magnetic field of 8.89 T. NMR spectra
were acquired using a Hahn-echo pulse sequence. Magnetization measurements were also conducted using
a Quantum Design SQUID magnetometer. The magnetization of metallic glass samples were measured as
a function of varying field from 50,000 to -50,000 Oe in steps of 5,000 Oe.

Figures 3.1(a) and (b) show #’Al NMR spectra for Zr-based and ZrHf-based BMG samples,
respectively. Changes of the local electronic states at Al sites are clear based on the systematic changes of
spectral shift caused by variations of both the aluminum and transition metal (Zr, Cu, Ni, Co, Ti) content
(Fig. 3.1 (a)) and also by systematic variation of the Hf/Zr ratio with fixed aluminum content (Fig. 3.1 (b)).
The dominant shift mechanism for metallic systems is given by the Knight shift K., , which is the direct
contact shift due to the Fermi contact hyperfine interaction associated with the Pauli susceptibility ;.
of s electrons at the Fermi level. The values of the Knight shift given in Fig. 3.1 (a) and (b) are on the order
of ~350 ppm demonstrating that the s-electron contribution at the Fermi energy is quite small as compared
to the shift in pure Al metal (~1630 ppm). This is consistent with recent electronic structure calculations of
Al-Zr-Cu and Al-Ca amorphous systems. The calculations indicate that the s-electron band is significantly
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shifted to higher binding energies whereas the valence d-electron band of transition metals remain
prominent at the Fermi level.

T
—Zr_Co_Al

56 28 16

4= 2Zr_Ni_Al

60 21 19

= Zr, Cu, Al

48" 745" 7

—Zr _Cu_Al

60 28 12

Zr_Ti Cu Al

61 2~ 25 12

Intensity (a.u.)
Intensity (a.u.)

1500 1000 500 0  -500 1000 500 0 500
Knight shift (ppm) Knight shift (ppm)

(@) (b)
Figure 3.1: (a) Room temperature 2’Al NMR spectra for ZrssCozsAlis, Zreo Niai Alig, ZrssCuassAly,
ZrgoCuzsAliz, and ZreiTioCuzsAli, BMGs. (b) Room temperature Al NMR spectra for (Zri-
xHFx)525TisCuU17.9Ni14.6Al10 BMG system fromx =010 1.0 .

Correlations of hardness and toughness with the 2’Al Knight shift K. values are displayed in Fig.

3.2. These results show that the local electronic structure at Al sites correlate with the hardness and
toughness properties of BMGs. Figure 3.2 (b) shows linear correlation between the hardness and the #’Al
Knight shift, where the Zr/Hf ratio is an implicit parameter. Figure 3.2 (a) shows that the toughness

decreases with increasing Al Knight shift K., although the correlation is not linear and is weak. In order
to make further understanding magnetic susceptibility is measured.
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Figure 3.2: (a) Toughness (kJ/m?) properties are plotted as a function of Knight shift K., for Zr-based
BMGs demonstrating a direct correlation between mechanical properties and local electronic structure. (b)
Hardness (GPa) properties of ZrHf-based BMGs are plotted versus the Knight shift K., showing a
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systematic correlation. The insets of both figures display the corresponding correlation between the Knight
shift K, and the total magnetic susceptibility ., — Zcore -

The insets of Figure 3.2 (a) and (b) display a direct correlation of total magnetic susceptibility y,,, with

K., - The total measured magnetic susceptibility for each composition was corrected for by a weighted
average of the diamagnetic core susceptibilities. The total susceptibility can be further expressed as
Koxp — Xeore = Xpauti T XL+ Zoui + Xow » Where y_is the Landau diamagnetic s-conduction electron

susceptibility. Except for . all contributions to the total susceptibility are directly related to the s or d
electronic density of states (DOS). The d-electron contribution x5, + %, OF the total susceptibility can

be approximated by subtracting the free s-conduction contribution y;., + %, from the total measured

susceptibility. The dependence of toughness and hardness properties on d-electron susceptibility is
demonstrated in Figure 3.3. One should note that ZrssCozsAlis does not fit into this trend and can be

attributed to the susceptibility contribution caused by y,,, due to a nearly half-filled d-band of Co, which
is otherwise negligible in the other compositions.
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Figure 3.3: Toughness (e) and hardness (V) properties for Zr and ZrHf-based BMGs are plotted versus
X4 T X from Table 1 showing an approximately linear correlation. The outlier of the trend seen here is

from ZrssCo2sAl1s due to enhanced y,, and is noted with a different symbol (o).

This work provides insight into the correlations that exist between both the local electronic structure
at Al sites and magnetic susceptibility with hardness and toughness properties of Zr and ZrHf-based BMGs.
The experimental data presented here clearly provides evidence that for transition metal-based BMGs, the
d-electron structure is very important for obtaining favorable mechanical properties. The correlations
observed in this study provide a guide for designing BMGs with specific mechanical properties of interest.
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